

  agronomy-12-00962




agronomy-12-00962







Agronomy 2022, 12(4), 962; doi:10.3390/agronomy12040962




Article



Evolutionary Variation of Accumulative Day Length and Accumulative Active Temperature Required for Growth Periods in Global Soybeans



Can Wang 1, Xueqin Liu 1, Xiaoshuai Hao 1, Yongpeng Pan 1, Chunmei Zong 2, Weiying Zeng 3, Wubin Wang 1, Guangnan Xing 1, Jianbo He 1,*[image: Orcid] and Junyi Gai 1,*





1



Soybean Research Institute & MARA National Center for Soybean Improvement & MARA Key Laboratory of Biology and Genetic Improvement of Soybean (General) & State Key Laboratory for Crop Genetics and Germplasm Enhancement & Jiangsu Collaborative Innovation Center for Modern Crop Production, Nanjing Agricultural University, Nanjing 210095, China






2



Mudanjiang Branch of Heilongjiang Academy of Agricultural Sciences, Mudanjiang 157041, China






3



Institute of Economic Crops, Guangxi Academy of Agricultural Sciences, Nanning 530007, China









*



Correspondence: hjbxyz@gmail.com (J.H.); sri@njau.edu.cn (J.G.)







Academic Editor: Michael Timko



Received: 28 March 2022 / Accepted: 13 April 2022 / Published: 15 April 2022



Abstract

:

Soybean (Glycine max (L.) Merr.) is a typical short-day and thermophilic crop. This study aimed to reveal the required accumulative day length (ADL) and accumulative active temperature (AAT) for DSF (days of sowing to flowering) and DFM (days of flowering to maturity) in global soybeans. A sample consisted of 354 varieties from 27 countries in five geographic regions, which were tested in Nanjing, China in two spring-sowing and two summer-sowing seasons. The ADL and AAT were calculated from the climatological data provided by the Public Service of Nanjing Meteorological Bureau. The results showed that the average DSF and DFM of global soybeans were 41.0 d and 83.3 d, which required ADLDSF of 606.6 d·h and AATDSF of 1185.9 d·°C, ADLDFM of 1126.7 d·h and AATDFM of 2145.1 d·°C, respectively, all with a wide variation among/within geographic and MG(maturity-group)-set subpopulations. From the multiple regression of DSF and DFM on required ADL and AAT, the ADL, AAT and ADL×AAT contributed 38.5%, 44.79% and 17.10% to DSF variation and 86.98%, 11.42% and 0.54% to DFM variation, respectively, and their relative importance to DSF and DFM varied among the geographic and MG subpopulations. The geographic subpopulations matched only partially with the genomic marker clusters, indicating multiple genetic sources of each subpopulation and that genetic exchange happened among subpopulations.
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1. Introduction


Soybean (Glycine max (L.) Merr.) is a typical short-day and thermophilic crop, and its growth and development are affected by photo-thermal conditions [1,2,3]. Garner [4] discovered the phenomenon of photoperiodism and proposed that photoperiod is an important environmental factor that affects the growth period of soybean. It was shown that temperature is also one of the key factors affecting soybean flowering and maturity [5]. Thus, the two factors, photoperiod and temperature, affect flowering and the development of soybeans, especially, affect the adaptability of soybean varieties to geographic regions, which limits the extension of elite varieties to broad areas.



Soybean originated in China where it has been cultivated for ~5000 years [6], and it is also one of the fastest expanding crops in the world during the past century due to it being rich in protein (~40%) and oil (~20%) contents. The planting area of soybean has expanded to latitudes between 53°N and 35°S [7,8]. Previous studies have shown that soybean originated from Huang-Huai River Valleys or Changjiang River Valleys and its south in China (these two areas are close neighbors) [9,10,11,12]. Thus, the original soybean accessions were not suitable for environments at high and low latitudes. Later, soybeans spread from the center of origin northward to Northeast China then to Russia, eastward to the Korean Peninsula and Japan islands, southward to Southeast Asia, South Asia and Africa, and westward to Europe then to northern North America, southern North America and Central and South America [9]. After long-term adaptation to local geographical and meteorological, as well as sowing seasonal conditions, specific soybean types corresponding to the environment, especially local day length and seasonal temperature, have been developed in different geographical regions. Along with the expansion of soybeans, 13 maturity groups (MGs) have formed globally. The MG system of soybean was first established in 1944 when MGI ~ MGVII were defined; then, the earlier MGs (MG000 ~ MG0) and the later MGs (MGVIII ~ MGX) were added to the system. At present, soybean accessions are divided into MG000 ~ X in a total of 13 MGs [13,14].



Short day length and high temperature promote the reproductive development of soybeans, whereas long day length and low temperature have the opposite effect [4,15,16,17,18,19]. Soybean has been used as a model plant for studies on plant photoperiod responses [4]. Previous studies on the effect of day length and temperature on soybean growth and development were mostly conducted under controlled conditions in labs or in a phytotron with day length and temperature fixed, which were very different from the systematically varied conditions under natural environments in previous experiments. Numerous studies have been reported on photoperiod responses, such as critical photoperiod [20,21], continuous dark phase effects [22,23], the presence of conductive substances [24,25], etc., but these studies mainly focused on the response of DSF to day length and temperature, and there is very little information about the response of DFM to day length and temperature. Thus, questions remain of how DSF and DFM respond to naturally varied day length and temperature, how differences in responses to the changed day length and temperature exist among geographic and MG subpopulations, and whether day length by temperature interaction exists on DSF and DFM. However, under the natural conditions in previous experiments, the effects of day length and temperature are mixed, and researchers have to find a method to evaluate and separate the two main effects from their interactions. An additional concern is that scientists have to find a location where all maturity groups or all soybeans from global geographic regions can grow and develop to finish their life cycle, allowing their DSF and DFM to be compared under an identical environmental background. It was suggested that the accumulative day length (ADL, d·h) and accumulative active temperature (AAT, d·°C) might be suitable indicators for evaluating daily-changed day length and temperature because both involve the measurement of degree and duration for growth periods as well as a life cycle. In statistics, multiple (partial) regression analysis can be used to separate the mixed effect into component factors, and previous studies have also shown that all maturity groups of soybeans can finish their life cycles around Nanjing (or 30–32 °N) in China [26].



The present study aimed at characterizing global soybeans for their growth period (DSF and DFM) response to ADL and AAT as well as their interaction under natural conditions in fields, and further exploring their evolutionary changes among geographic subpopulations and among MG sets to see how soybeans adapted to local environments during their global dissemination. The experiment in this study was conducted under field environment conditions in Nanjing, China. ADL and AAT were used as experienced day length and temperature indicators. The ADL, AAT and ADL × AAT effects and their relative contribution to DSF and DFM were evaluated using multiple regression analysis. Clustering analysis based on genomic markers was performed to evaluate the consistency and difference between genetic differentiation and geographic differentiation regarding the response of their growth periods to ADL and AAT.




2. Materials and Methods


2.1. Plant Materials and Field Experiments


A total of 354 varieties from 27 countries was chosen as a representative sample of the world soybean germplasm population (WSGP) from the germplasm storage at the National Center for Soybean Improvement, Nanjing Agricultural University, Nanjing, China. According to the previous study by Liu et al. [9], the source of the materials was grouped into five regions, coded as O, A, B, C, and D. “O” represents that the materials came from the origin center of the soybean in China, including Huang-Huai River Valleys (HCHN) and Changjiang River Valleys and its south (SCHN). “A” represents that the materials were from the north dissemination route, including Northeast China (NCHN), Far-East Russia (RUFE) and southern Sweden (SSWE). “B” represents that the materials were from the east dissemination route, including the Korean peninsula (KORP) and the Japan islands (JPAN). “C” represents that the materials came from the south dissemination route, including Southeast Asia (SEAS), South Asia (SASI) and Africa (AFRI). “D” represents that the materials were from the west dissemination route, including northern North America (NNAM), southern North America (SNAM) and Central and South America (CSAM). These materials are grouped into 13 maturity groups (MGs, MG 000, 00, 0, I, II, ~ X), in which MG I ~ VII are the primary MG set, mainly from the origin center; MG 000 ~ 0 are the early MG set, derived during the recent century; and MG VIII ~ X are the late MG set derived in the recent couple of centuries [13,14,27]. These three MG sets of 000 ~ 0, I ~ VII and VIII ~ X are designated as E, P and L, respectively (Supplementary Tables S1 and S2).



All varieties were tested in Spring 2015 (April 23 sowing), Spring 2016 (April 25 sowing), Summer 2016 (June 18 sowing) and Summer 2017 (June 22 sowing) at Nanjing Jiangpu Experimental Station (32°07′ N, 118°62′ E), Jiangpu, Nanjing, China. A randomized complete block design with two replications was used with drill sowing, row length 2 m, row spacing 0.4 m, 10 seedlings per row and conventional field management.




2.2. Measurement of Growth-Period Traits


According to Fehr and Caviness [28], the emergence date (Ve), first flowering date (R1) and maturity date (R8) were recorded for all the tested materials. From the data, DSF and DFM were calculated for further analysis.



Daily day length and temperature data were obtained from the Public Service of Nanjing Meteorological Bureau. The daily maximum and minimum temperature were used to calculate the daily average temperature, from which the daily active temperature was calculated as the accumulated daily average temperature over all the days except those less than 10 °C (in fact, all daily average temperature values were more than 10 °C in the present study). At the same time, the daily sunrise time and sunset time were obtained, from which the daily day length was calculated from their difference (Supplementary Figure S1).



The accumulative day length and accumulative active temperature for DSF and DFM were obtained from the summation of daily day length and daily active temperature during the respective periods, which were designated as ADLDSF and AATDSF, and ADLDFM and AATDFM, respectively.




2.3. Statistical Analysis


The DSF, DFM, ADLDSF, ADLDFM, AATDSF and AATDFM for the 4 environments’ 8 blocks were calculated using SAS/STAT 9.4 software package (SAS Institute Inc., Cary, NC, USA). PROC UNIVARIATE was used to perform descriptive statistical analysis on the 6 traits, with their significance among subpopulations tested. PROC GLM was used to perform an analysis of variance (ANOVA) and multiple regression analysis. The linear model of ANOVA is:


   y  i j k   = μ +  t i  +  r  j ( i )   +  g k  +   ( g t )   i k   +  ε  i j k   ,  



(1)




where µ is the population mean, gk is the effect of the kth genotype, ti is the effect of the ith environment, rj(i) is the jth block effect in the ith environment, (gt)ik represents the interaction effect between ith genotype and jth environment and εijk is the residual. The heritability was estimated as [29]:


   h 2  =  σ g 2  / (  σ g 2  +  σ  g e  2  / n +  σ ε 2  / n r ) ,  



(2)




where    σ g 2    is the genotypic variance,    σ  g e  2    is the variance of genotype-by-environment interaction,    σ ε 2    is the error variance, n is the number of environments and r is the number of replications. The genetic coefficient of variation is calculated as GCV (%) = σg/μ × 100%.



The multiple regression model was:


   y i  = a +  b 1   x  1 i   +  b 2   x  2 i   +  b  12    x  1 i    x  2 i   +  ε i  ,  



(3)




where yi, x1i and x2i are BLUP values of ith genotype for a growth period trait, a is the intercept, b1, b2 and b12 are corresponding regression coefficients and εi is the random residual following N(0, σ2). Here, x1i and x2i represent ADL and AAT values, whereas x1ix2i represents the interaction or correlation between x1 and x2, assuming the three terms are independent of each other.



The phenotypic variation of DSF or DFM explained by required ADL, AAT and their product was estimated as:


     R 2  ⋅  S 1  / (  S 1  +  S 2  +  S  12   )      R 2  ⋅  S 2  / (  S 1  +  S 2  +  S  12   )      R 2  ⋅  S  12   / (  S 1  +  S 2  +  S  12   )    



(4)




where R2 is the coefficient of determination of the multiple regression model, S1 is the sum of squares of ADL, S2 is the sum of squares of AAT and S12 is the sum of squares of the product of ADL and AAT.




2.4. SNP Genotyping and Clustering Analysis


Restriction-site-associated DNA sequencing (RAD-seq) was conducted at BGI Tech, Shenzhen, China for genotyping the materials, which has been reported in Liu et al. [9,30]. A total of 97,706 SNPs were finally obtained for the 354 varieties and then divided into SNPLDB (SNP linkage disequilibrium block) genomic markers using the software RTM-GWAS [31,32] under linkage disequilibrium D′ > 0.7 criterion. The SNPLDB marker is characterized by multiple haplotypes, which is especially appropriate for the germplasm population. Finally, 15,954 SNPLDB markers, each with 2~13 haplotypes, were identified.



A genetic similarity coefficient matrix was constructed with SNPLDB data using the corresponding program in RTM-GWAS (https://github.com/njau-sri/RTM-GWAS, accessed on 16 June 2021 [33]). Based on the genetic similarity coefficient matrix, a neighbor-joining cluster analysis of the global soybeans was conducted using MEGA 7.0 software (Mega Limited, Auckland, New Zealand) [34].





3. Results


3.1. Wide Variation of ADL and AAT Required for DSF and DTM in Global Soybeans


Under field environment conditions, it is presumed that the experienced ADL and AAT are essential for the appropriate growth period. The DSF and DFM with their required ADL and AAT are shown in Figure 1, which showed a linear positive correlation for DSF on ADLDSF and AATDSF, and for DFM on ADLDFM and AATDFM. This indicated that more ADL and AAT are required for longer DSF and DFM. The analysis of variance for DSF, ADLDSF, AATDSF, DFM, ADLDFM and AATDFM showed that significant variations existed among genotypes, environments and genotype-by-environment interactions (GEIs), respectively. In particular, variations among environments and GEIs were mainly due to the different sowing seasons (spring-sowing and summer-sowing) involved (Supplementary Table S3).



The present study concentrated on the main effect of ADL and AAT on DSF and DFM, leaving the environment and GEI for future studies. The average DSF of the global soybeans was 41.0 d (32.1% of the entire growth period, i.e., days from sowing to maturity) with a wide range of 20.6–95.5 d and high heritability (h2 95.7%). The global soybeans required an average ADLDSF of 606.6 d·h (day·hour) for flowering (with h2 95.8%), which was about 34.1% of the ADL for the entire growth period. ADLDSF varied greatly among global soybeans with a wide range of 311.7–1382.3 d·h. The global soybeans required an average AATDSF of 1185.9 d·°C for flowering (with h2 99.2%), which was about 34.8% of the AAT for entire growth period. AATDSF varied also greatly with a range of 622.6–2726.2 d·°C (Table 1).



The average DFM of the global soybeans was 83.3 d (67.9% of the entire growth period) with a wide range of 45.8–114.6 d, and h2 of 80.7%. The global soybeans required an average ADLDFM of 1126.7 d·h for flowering maturity (with h2 78.5%), about 65.9% of the ADL for the entire growth period. ADLDFM ranged in 652.0–1487.4 d·h and varied greatly. The global soybeans required an average AATDFM of 2145.1 d·°C (day·°C) for flowering-maturity (with h2 70.9%), about 65.2% of the AAT for the entire growth period. AATDFM ranged in 1251.5–2755.2 d·°C and varied also greatly (Table 1). Thus, the reproductive growth period needs about two times the ADL and AAT of the vegetative growth period on average. However, depending on geographical origin and maturity group, the ADL and AAT of DSF and DFM varied greatly among global soybeans, as global soybeans adapted to their respective local day length and temperature conditions. The maximums of DSF, ADLDSF and AATDSF were 4.64, 4.43 and 4.38 times of their minimums, whereas the maximums of DFM, ADLDFM and AATDFM were 2.52, 2.28 and 2.20 times their minimums, respectively. This suggested that the vegetative growth stage (DSF) is more sensitive to environmental resources, whereas the reproductive stage (DFM) is more stable for its required environmental resources.




3.2. Evolutionary Changes from the Center of Origin to Various Geographic Regions in ADL and AAT Required for Growth-Period Traits in Global Soybeans


From the center of origin O (HCHN and NCHN), soybean was disseminated northward to A (NCHN, RUFE and SSWE), and the average DSF decreased from 41.9 d to 26.4 d, with ADLDSF reduced significantly from 621.9 d·h (ranging 388.4~1098.8 d·h) to 397.5 d·h (ranging 311.7~552.5 d·h) and AATDSF reduced significantly from 1211.1 d·°C (ranging 763.5~2202.8 d·°C) to 785.4 d·°C (ranging 622.4~1077.6 d·°C). The DFM decreased from 88.1 d to 66.5 d on average, with ADLDFM reduced significantly from 1191.9 d·h (ranging 834.0~1479.4 d·h) to 936.2 d·h (685.0~1274.8 d·h) and AATDFM reduced from 2289.7 d·°C (ranging 1661.1~2694.1 d·°C) to 1814.7 d·°C (ranging 1339.8~2477.6 d·°C) (Table 1).



Soybean was disseminated eastward from the center of origin O to B (KORP and JPAN), and the DSF decreased from 41.9 d to 38.1 d on average, with ADLDSF reduced to 565.9 d·h (ranging 368.6~975.7 d·h) and AATDSF reduced to 1105.5 d·°C (ranging 734.5~1883.9 d·°C). The DFM decreased from 88.1 d to 85.1 d on average, with ADLDFM reduced to 1159.1 d·h (ranging 652.0~1476.4 d·h) and AATDFM reduced to 2228.1 d·°C (ranging 1251.5~2732.9 d·°C) (Table 1).



Soybean was disseminated southward from the center of origin O to C (SEAS, SASI and AFRI), the DSF increased from 41.9 d to 70.6 d on average, with ADLDSF increasing significantly to 1035.4 d·h (ranging 579.0~1382.3 d·h), and AATDSF increased significantly to 2017.8 d·°C (ranging 1125.4~2726.2 d·°C). The DFM changed from 88.1 d to 87.8 d on average, with ADLDFM reduced significantly to 1120.8 d·h (859.5~1458.0 d·h) and AATDFM changed to 2016.9 d·°C (ranging 1437.5~2715.7 d·°C) (Table 1).



Soybean was disseminated westward from the center of origin O to D (NNAM, SNAM and CSAM), the DSF decreased from 41.9 d to 39.4 d on average, with ADLDSF reduced to 584.9 d·h (ranging 336.8~1372.7 d·h) and AATDSF increased significantly to 1143.7d·°C (ranging 661.3~2708.3 d·°C). The DFM changed from 88.1 d to 88.7 d on average, with ADLDFM reduced significantly to 1200.6 d·h (746.8~1487.4 d·h) and AATDFM changed to 2289.8 d·°C (ranging 1449.1~2755.2 d·°C) (Table 1).



In summary, DSF, ADLDSF and AATDSF decreased significantly in the northward dissemination of soybean from the center of origin but increased significantly in the southward dissemination. DFM, ADLDFM and AATDFM decreased significantly also in the northward dissemination, but no significant change was observed for ADLDFM and AATDFM in the southward dissemination. In the eastward and westward dissemination, the reductions in or changes of ADL and AAT for both DSF and DFM were not as large as the former two dissemination regions. Among the four dissemination routes, D was the most recent one but with the widest variation in DSF and DFM along with their variation of required ADL and AAT, indicating a very wide extension and a fruitful breeding effort, especially extending and adapting to South America. The relationship between DSF/DFM and ADL/DFM can also be observed roughly in Figure 1, in which the linear gradients for DSF was generally higher than those for DFM and both varied among subpopulations for DSF and DFM, respectively.



In this study, the percentage of ADLDSF (PDLDSF) and the percentage of ADLDFM (PDLDFM) to the total ADL required for the entire growth period were used to evaluate the relative amounts of ADL for DSF and DFM, respectively. The relative amounts of AAT for DSF and DFM were defined in the same way and referred as PATDSF and PATDFM, respectively. The PDLDSF in O, B and D (34.2%, 32.9% and 32.2%, respectively) was at about the same level but was significantly lower in A (29.9%) and significantly higher in C (47.7%) than that in O, B and D. The PATDSF was similar to PDLDSF and was also at about the same level in O, B and D (34.5%, 33.2% and 32.8%, respectively) but lower in A (30.3%) and higher in C (49.8%). The PDLDFM was also at about the same level for O, B and D (65.8%, 67.1% and 67.8%, respectively) but was significantly lower in A (70.1%) and significantly higher in C (52.3%) than in O, B and D. The PATDFM was also similar to PDLDFM, with O, B and D at the same level (65.5%, 66.8% and 67.2%, respectively) and lower in A (69.7%) and higher in C (50.2%) (Table 1). Therefore, the patterns of required ADL and AAT were different among the geographic regions as well as between DSF and DFM.




3.3. Evolutionary Changes from the Primary MG Set to Early and Late MG Sets in ADL and AAT Required for Growth-Period Traits in Global Soybeans


As MGs are mainly determined by geographic regions in addition to local sowing seasons, evolutionary changes in ADL and AAT for MG sets are related to those for geographic changes. The primary maturity groups of soybeans in the center of origin were MG I~VII, but after its dissemination northward and southward and adaption to local conditions, the MG was expanded to MG 000~0 and MG VIII~X. In this study, MG I~VII was simplified as primary MG set, and MG 000~0 and MG VIII~X were simplified to emerged-early MG set and emerged-late MG set, respectively.



From the primary MG set to the emerged-early MG set, the average DSF decreased from 39.1 d to 23.0 d (Table 2), with ADLDSF reduced significantly from 580.5 d·h (ranging 336.8~1285.2 d·h) to 346.0 d·h (ranging 311.7~418.9 d·h) and AATDSF reduced significantly from 1132.8 d·°C (ranging 638.2~2539.0 d·°C) to 691.3 d·°C (ranging 622.6~819.1 d·°C). The average DFM decreased from 85.7 d to 55.6 d, with ADLDFM reduced significantly from 1165.0 d·h (ranging 652.0~1476.4 d·h) to 791.5 d·h (ranging 685.0~1006.8 d·h) and AATDFM reduced significantly from 2235.1 d·°C (ranging 1252.0~2755.0 d·°C) to 1514.9 d·°C (ranging 1340.0~1931.0 d·°C) (Table 2).



From the primary MG set to the emerged-late MG set, the average DSF increased from 39.1 d to 77.5 d, with ADLDSF increased significantly to 1129.6 d·h (ranging 751.7~1382.3 d·h) and AATDSF increased significantly to 2213.7 d·°C (ranging 1458.5~2726.2 d·°C). The DFM changed from 85.7 d to 87.6 d on average, but this was not significant; ADLDFM changed to 1099.7 d·h (ranging in 895.5~1487.4 d·h), which was not significant either, and AATDFM reduced significantly to 1920.6 d·°C (ranging in 1437.0~2700.0 d·°C) (Table 2).



The DSF, ADLDSF and AATDSF all decreased significantly from the primary MG set to the emerged-early MG set, and increased significantly in the emerged-late MG set. The DFM, ADLDFM and AATDFM decreased significantly from the primary MG set to the emerged-early MG set and decreased significantly from the primary MG set to the emerged-late MG set. That indicated that the emerged-late MG set reduced ADL and AAT for DFM in comparison to the primary and early MG sets.



The PDLDSF and PATDSF of the primary MG set were 32.8% and 33.2%, whereas PDLDFM and PATDFM were 67.2% and 66.8%, respectively. The PDLDSF and PATDSF, as well as PDLDFM and PATDFM, of the emerged-early MG set were similar to those of the primary MG set (30.5% and 31.4%, as well as 69.5% and 68.5%, respectively). However, the PDLDSF and PATDSF of the emerged late MG set increased to 50.7% and 53.6%; accordingly, PDLDFM and PATDFM decreased to 49.3% and 46.4%, respectively. Therefore, in the late MG set, the required day length and temperature resources for DSF increased, but the required day length and temperature resources for DFM decreased (Table 2).




3.4. Relative Importance of ADL, AAT and ADL×AAT in Determining Growth Periods of Geographic and MG Subpopulations


Although the role of day length in DSF or transferring from vegetative growth to flowering development has been reported, there has been very little research on the role of day length in DFM or the reproductive period. Here, multiple regression analysis was used to evaluate the relative importance of ADL, AAT and ADL × AAT to DSF and DFM. In multiple regression of DSF or DFM on ADL and AAT, the contribution of the independent variables (ADL and AAT) to the dependent variable (DSF or DFM) can be estimated to include three parts, i.e., contribution from ADL(x1), from AAT(x2) and the correlation/interaction between ADL and AAT (ADL × AAT or x1x2). The regression model is as Equation (3), where x1x2 represents the correlation or interaction between x1 and x2, but assuming x1, x2 and x1x2 are independent from each other [35].



In the whole population, the ADLDSF, AATDSF and (ADL × AAT)DSF contributed 38.05%, 44.79% and 17.10% variation to DSF, which indicated that, in addition to ADLDSF, AATDSF was somewhat more important to DSF variation, and their interaction (ADL × AAT)DSF accounts for a certain part to DSF variation (Table 3).



The relative contributions of ADL, AAT and (ADL × AAT) to DSF and DFM varied among the geographic subpopulations. In O, A, B, C and D, DSF was composed of 29.33%, 67.51%, 84.79%, 0.54% and 44.66% contribution from ADLDSF, and 15.38%, 23.65%, 0.23%, 97.56% and 19.92% contribution from AATDSF, and 55.25%, 8.55%, 14.89%, 1.66% and 35.37% contribution from (ADL × AAT)DSF, respectively. Therefore, in O and D, DSF was characterized with higher contribution from (ADL × AAT)DSF interaction or joint ADL-AAT contribution (55.23% and 35.37%, respectively). In A and B, DSF was characterized with higher contribution from ADLDSF (67.51% and 84.79%, respectively). In C, DSF was characterized with higher contribution from AATDSF. Thus for DSF, ADLDSF is most important for A and B subpopulations, and AATDSF is most important for C subpopulations, whereas (ADL × AAT)DSF is more important for O and D subpopulations, or the importance of accumulative day length ADLDSF varied among geographic subpopulations. In other words, during the evolutionary process, from O to the subregions, the major contributor to DSF changed from (ADL × AAT)DSF to ADLDSF in A, B and D, and to AATDSF in the C subregion (Table 3, Supplementary Tables S4 and S5).



The regression of DFM on ADLDFM and AATDFM in each geographic group showed that in O, A, B, C and D, DFM was composed of 88.69%, 1.57%, 71.87%, 93.24% and 82.30% contribution from ADLDFM, 9.57%, 34.44%, 27.43%, 4.25% and 16.26% contribution from AATDFM, and 0.52%, 62.30%, 0.07%, 1.07% and 0.97% contribution from (ADL × AAT)DFM, respectively. Therefore, in O, B, C and D, DFM was characterized with higher contribution from ADLDSF, whereas only in A was DFM characterized with higher contribution from (ADL × AAT)DFM and AATDFM (62.30% and 34.44%). Thus, for DFM or turning from flowering to maturity, ADLDFM is most important for all subregions except A, whereas (ADL × AAT)DFM and AATDFM are the most important for the A subpopulation. Therefore, during the evolutionary process, from O to the subregions, the major contributor to DFM remained as ADLDFM in O, B, C and D, except A, in which it changed to (ADL × AAT)DFM (Table 3, Supplementary Tables S4 and S5).



For MG sets, the regression of DSF on ADLDSF and AATDSF showed that AATDSF contributed the most to DSF in the primary MG set (54.30%) and the emerged-late MG set (84.74%), whereas ADLDSF contributed the most to DSF in the emerged-early MG set (71.35%). The regression of DFM on ADLDSF and AATDSF showed that ADLDFM contributed the most to DFM in the primary MG set (78.64%) and the emerged-late MG set (93.98%), whereas (ADL × AAT)DFM and ADLDFM contributed majorly to the emerged-early MG set (47.25% and 39.08%, respectively). Thus, the AAT was important to DSF in primary and emerged-late MG sets, but the ADL was most important to DSF in the emerged-early MG set. The ADL was most important to DFM in primary and emerged-late MG sets, but (ADL × AAT)DFM and ADLDFM were more important to DFM in the emerged-early MG set (Table 3, Supplementary Tables S4 and S5).




3.5. Genetic Clustering of the Global Soybeans and ADL and AAT Variation among and within the Clusters


According to He et al. [33], the 97,706 SNPs were grouped into 15,954 SNPLDB markers each with 2~13 haplotypes/alleles. Neighbor-Joining tree analysis based on SNPLDB markers showed that the 354 varieties may be grouped into eight clusters (Figure 2, Table 4). Among these clusters, clusters i~iv are minor ones consisting of only 1 to 10 varieties as neighboring clusters of geographic regions O, A, B and C, mainly in the primary MG set. Clusters v~viii are the major ones, consisting of 104, 17, 52 and 156 varieties, respectively. In cluster v, the varieties were mainly from the center of origin O (52) and southward route region C (37), containing mainly primary MG set varieties (79) and emerged-late MG set varieties (25), indicating O and C having a close genetic relationship. In clusters vi and vii, the varieties are mainly from northward and eastward route regions A and B, including a major part from the primary MG set and some from the emerged-early MG set. Cluster viii was the largest one, consisting of 156 varieties, mainly from northward and westward route regions, A (33) and D (112), indicating that A and D have a close genetic relationship, including a major part of varieties belonging to the primary MG set; both emerged early (17) and the late MG set (5) was involved. Here, the varieties in region A have most of their genetic sources from the center of origin O, but A has separated from O and is becoming close to B and D. Therefore, in current global soybeans, there are two major cluster groups: one is cluster v, containing mainly O and C varieties, and the other is clusters vi, vii and viii, containing mainly A, B and D varieties. All the emerged-early and -late MG sets are included in clusters v~viii. The genetic clustering was not parallel to geographic differentiation, and the ADL and AAT required for DSF and DFM on average did not vary obviously among the eight clusters, with no significant difference in ADLDFM and AATDFM, respectively.



Here, the two major clusters were inspected for their ADL and AAT required (Supplementary Table S6). The soybeans in cluster v showed that ADLDSF was 794.9 d·h (ranging 399.0~1382.0 d·h), and AATDSF was 1552.1 d·°C (ranging 805.0~2726.0 d·°C). The ADLDFM was 1152.8 d·h (ranging 834.0~1479.4 d·h) and AATDFM was 2160.4 d·°C (ranging 1437.0~2733.0 d·°C). The soybeans in cluster viii showed that ADLDSF was 536.0 d·h (ranging 312.0~1099.0 d·h), and AATDSF was 1049.8 d·°C (ranging 628.0~2203.0 d·°C), whereas ADLDFM was 1138.1 d·h (ranging 731.0~1478.4 d·h) and AATDFM was 2175.0 d·°C (ranging 1419.0~2755.0 d·°C). The required ADL and AAT in Cluster v and viii had their ranges extended more than that of their component regions.



In summary, the inconsistency between geographic subpopulations and genomic clusters indicated the existence of multiple genetic sources in each subpopulation and genetic exchange happened already among the subpopulations.





4. Discussion


4.1. Separating Phenological Traits into Degree and Duration of Accumulative Day Length and Accumulative Active Temperature (ADL and AAT) Helped to Understand Directly the Functions of Eco-Factors in Geographic Dissemination Process


DSF and DFM are important phenological and evolutionary traits. The present study separates the two traits into the degree and duration of two basic environment factors of day length (ADL) and effective temperature (AAT), respectively. The responses of growth-period traits (DSF and DFM) to ADL and AAT in global soybeans were analyzed, and then the evolutionary changes among geographic subpopulations and among MG sets were explored to see how adaptation occurred in soybeans during their global dissemination.



The results showed both wide ranges of DSF and DFM in global soybeans with an average DSF of 41.0 d and DFM of 83.3 d, respectively. The average ADLs required for DSF and DFM were 606.6 d·h and 1126.7 d·h, and the average AATs were 1185.9 d·°C and 2145.1 d·°C, respectively. About 34.1% and 65.9% of the total ADL(d·h) were required for vegetative and reproductive growth, whereas 34.8% and 65.2% were required for AAT, respectively. In northward dissemination from the center of origin, both DSF and DFM with their required ADL and AAT were reduced; this was consistent with previous studies on the vegetative period and reproductive period of northern spring soybean, shortened with the delay of phenological period [36,37], but in southward dissemination, DSF with its ADL and AAT increased, whereas DFM with its ADL and AAT did not change or changed slightly less. However, no obvious changes were found in eastward and westward dissemination. In comparison with the primary MG set, the late MG set increased their requirements of ADL for DSF but decreased their requirement of ADL and AAT for DFM.



To extend soybeans to further high or low latitude, breeding for earliness and long juvenile period are required, respectively. In global soybeans, the entire growth period (DSF + DFM) of the earliest variety N27294 was 70.2 d (22.4 + 47.8), with the total ADL of 1021.9 d·h (336.9 + 685.0) and AAT of 1987 (653.2 + 1339.8) d·°C. For the latest variety, N341262, the entire growth period was 173.7 d (93.2 + 80.5), with a total ADL of 2326.5 d·h (1349.4 + 977.1) and AAT of 4265.0 d·°C (2664.1 + 1600.9). The latter requires almost 2.2 times of the former. Human intervention is required to obtain distinct extremes. In the global population, the lowest ADL and AAT were 311.7 d·h and 622.4 d·°C for DSF and 652.0 d·h and 1251.5 d·°C for DFM, respectively; altogether, an ADL of 963.7 d·h and AAT of 1873.9 d·°C might finish a life cycle. The largest ADL and AAT were 1382.3 d·h and 2726.2 d·°C for DSF and 1487.4 d·h and 2755.2 d·°C for DFM, respectively; altogether, ADLs of 2869.7 d·h and 5481.4 d·°C might also finish a life cycle. The latter required almost 3 times that of the former. Thus, it implies that using ADL and AAT might achieve further progress than using DSF and DFM in breeding for earlier emergence and/or longer juvenile period soybeans.



In addition to the merit of using ADL and AAT in studying the variety’s requirements for and functions of eco-factors in the geographic dissemination process and breeding for phenological traits of soybean, it might also benefit the understanding and utilization of the properties of phenological traits in cultivation. Tan et al. [38] reported an investigation of the long-term soybean phenology data and climate-related data collected at 51 stations across China from 1992 to 2018, which showed that the growth-period traits varied along with the climate changes. Their results indicated that the average temperature (0.34 ± 0.09 °C/decade) increased, but cumulative sunshine hours decreased (−33.98 ± 1.05 h/decade); the vegetative growth period shortened (−0.52 ± 0.24 d/decade), but the reproductive growth period slightly extended (0.05 ± 0.26 days/decade); and the trends in soybean key growth periods diverged among regions. It seems that this study has noticed the influence of climate changes (average temperature and cumulative sunshine hours) on growth periods, which are similar to our ADL and AAT, but it focused on the influence of environmental changes on growth-period traits, whereas our study emphasized on the required ADL and AAT for different regional soybean varieties. Since day length and temperature are the main environmental factors affecting soybean growth period varied among geographic regions [1,2,3,4,5], soybeans from different eco-regions have different responses to climate changes. Combining ours and Tan et al.’s results, it is suggested that growth periods might be predicted for future soybean production, utilizing the required ADL and AAT information of global varieties and predicted climate changes (predicted ADL and AAT) in different regional sites.




4.2. The Relative Importance of ADL, AAT and ADL×AAT in Determining Growth Period Traits and the Understanding of ADL × AAT Function


The present study also featured the detection of ADL × AAT effect based on separating DSF and DFM into their components of ADL and AAT, for which multiple regression was used to estimate the ADL, AAT and ADL × AAT effects and their relative contribution to explore their relative importance in the adaptation of soybeans to various geo-regions. The results showed that, in global soybeans, the contribution patterns of ADL, AAT and ADL × AAT were different for DSF and DFM variation. For DSF variation, AAT contributed the most (44.79%), whereas ADL and ADL × AAT contributed 38.50% and 17.10% variation, respectively. For DFM variation, ADL contributed the most (86.98%) with AAT and ADL × AAT contributed 11.42% and 0.54% variation, respectively. During the evolutionary dissemination, from O to the geo-regions, the major contributor for DSF variation changed from ADL × AAT to ADL in A, B and D and AAT in the C sub-region, whereas for DFM, its major contributor remained as ADL in O, B, C and D, but was changed to ADL × AAT in A. For DSF variation in different MGs, AAT was important to DSF variation in primary and late MG sets, but ADL was most important to DSF variation in the early MG set. For DFM variation in different MGs, ADL was most important to DFM variation in primary and late MG sets, but ADL × AAT and ADL were more important to DFM variation in the early MG set.



The contribution of ADL and AAT to DSF or DFM are easy to understand independently, but the contribution of ADL × AAT to DSF or DFM needs to be explained. It means ADL and AAT joint contribution or their correlated/interacted contribution, a positive ADL × AAT indicates ADL and AAT contributing to DSF or DFM in the same direction while a negative ADL × AAT indicates ADL and AAT contributing to DSF or DFM in an opposite direction. For example, in the global population, ADL, AAT and ADL × AAT contributed 38.05%, 44.79% and 17.10% to DSF variation, respectively, in which 17.10% DSF variation was due to ADL × AAT. Here, the regression coefficient of (ADL × AAT)DSF was negative, which means that, in this contribution, the ADL and AAT have a negative correlation or interaction, contributing to DSF or DFM in an opposite direction. In Supplementary Table S4, for DSF, all the regression coefficients of (ADL × AAT)DSF, except that of the early MG set (E), were positive, and all the regression coefficients of (ADL × AAT)DFM, except those of the A sub-region and E MG set, were negative. In addition, all the regression coefficients of ADL and AAT were positive for DSF, and all the coefficients of ADL for DFM were positive, but all the coefficients of AATDFM were negative, except the A sub-region and E MG set. That means the AAT and ADL × AAT performed different patterns for DSF and DFM. The above understanding is based on a statistical concept, and further study on their biological mechanism is needed.




4.3. Responses of Growth Periods to ADL and AAT in Genotypic Clusters


Global soybeans were genetically clustered to evaluate whether the genetic differentiation and geographic differentiation were consistent and to characterize their response of growth periods to ADL and AAT. The global soybeans were grouped into four major and four minor clusters: in the former (clusters v~viii), O and C were mainly located in cluster v, A and B mainly in cluster vi and vii and A and D mainly in cluster viii, whereas in the latter (clusters i~iv), there were scattered varieties from various geo-regions. The ADL and AAT required for DSF and DFM varied slightly among the eight clusters, with no significant difference for ADLDFM and AATDFM. The required ADL and AAT in clusters v and viii had their ranges extended more than those of their component geo-regions.



It was assumed that the genetic clusters should coincide with the geographic subpopulations if each geographic subpopulation had unique genetic sources. In the present study, each of the geographic subpopulations involved several different genetic clusters, and each cluster involved several subpopulations; therefore, each genetic cluster might have its ADL and AAT response extended to compose of several subpopulations. Thus, a geographic subpopulation may come from multiple genetic sources, or extensive germplasm exchange among the subpopulations happened in history.





5. Conclusions


DSF and DFM are important phenological and evolutionary traits. The present study separated the two traits into the degree and duration of two basic environment factors of day length and temperature, respectively, i.e., ADL and AAT. DSF is more sensitive to ADL and AAT than DFM, and their sensitivity also varies in different geographical subpopulations and MG sets. For DSF, ADLDSF and AATDSF decreased significantly from geographical region O to northward region A but increased significantly to southward region C, whereas for DFM, ADLDFM and AATDFM decreased significantly in region A, but there was no increase in region C in comparison to region O. Their changes in region B and D were not as large as in A and C. The westward region were the newest ones but with the widest variation in DSF and DFM as well as their required ADL and AAT. This study also explored the ADL and AAT independent and joint/interaction effect on DSF and DFM. In the global population, ADL and AAT are more important to DSF variation, and their interaction (ADL × AAT) accounts for a certain part of DSF variation, but ADL is the dominant contributor to DFM. The relative contributions of ADL, AAT and ADL × AAT to DSF and DFM varied greatly among the geographic subpopulations. Another feature of this study is that genetic cluster is not fully consistent with geographical differentiation in the global population, indicating that multiple genetic sources existed in each geographical subpopulation. In addition, this study found that not only DSF but also DFM was related to ADL, which has been minimally reported previously.
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Figure 1. (a) Scatter plots of ADLDSF (blue) and AATDSF (red) for DSF of geographic subpopulations and MG subpopulations in WSGP. (b) Scatter plots of ADLDFM (blue) and AATDFM (red) for DFM of geographic subpopulations and MG subpopulations in WSGP. “Total” represents the total 354 varieties in WSGP. “O” represents the varieties from the center of origin in both Huang-Huai River Valleys (HCHN) and Chang-jiang River Valleys and its south (SCHN). “A” represents the varieties from Northeast China (NCHN), Far-East Russia (RUFE) and southern Sweden (SSWE); “B” represents the varieties from the Korean peninsula (KORP) and Japan islands (JPAN); “C” represents the varieties from Southeast Asia (SEAS), South Asia (SASI) and Africa (AFRI); “D” represents the varieties from northern North America (NNAM), southern North America (SNAM) and Central and South America (CSAM). “E” represents the early MG-set varieties (MG 000~0); “P” represents the primary MG-set varieties (MG I~VII); “L” represents the late MG-set varieties (MG VIII~X). The same is true for the latter figure. 
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Figure 2. Neighbor-joining tree of 354 soybean varieties of the WSGP based on SNPLDB markers. “O” represents the varieties from the center of origin in both Huang-Huai River Valleys (HCHN) and Chang-jiang River Valleys and its south (SCHN). “A” represents the varieties from Northeast China (NCHN), Far-East Russia (RUFE) and southern Sweden (SSWE); “B” represents the varieties from the Korean peninsula (KORP) and Japan islands (JPAN); “C” represents the varieties from Southeast Asia (SEAS), South Asia (SASI) and Africa (AFRI); “D” represents the varieties from northern North America (NNAM), southern North America (SNAM) and Central and South America (CSAM). “E” represents the early MG set varieties (MG 000~0); “P” represents the primary MG set varieties (MG I~VII); “L” represents the late MG set varieties (MG VIII~X). 
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Table 1. Variation of growth period traits, accumulative day length and accumulative active temperature among geographic subpopulations in the World Soybean Germplasm Population (WSGP).
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Trait

	
Geo-Pop.

	
Class Midpoint Value

	
N

	
Mean

	
GCV (%)

	
Range






	
DSF

(d)

	
(PropDSF %)

	
23.5

	
30.5

	
37.5

	
44.5

	
51.5

	
58.5

	
65.5

	
72.5

	
79.5

	
86.5

	
>90

	

	

	

	




	
O (32.2 B)

	
3

	
4

	
31

	
12

	
8

	
4

	
2

	
0

	
1

	
0

	
0

	
65

	
41.9 B

	
22.8

	
25.6–77.0




	
A (28.6 D)

	
47

	
20

	
8

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
75

	
26.4 C

	
16.9

	
20.6–37.1




	
B (31.0 BC)

	
4

	
15

	
15

	
10

	
5

	
1

	
1

	
0

	
0

	
0

	
0

	
51

	
38.1 B

	
22.8

	
24.3–66.6




	
C (44.2 A)

	
0

	
0

	
2

	
5

	
4

	
1

	
5

	
6

	
15

	
2

	
5

	
45

	
70.6 A

	
22.9

	
39.0–95.5




	
D (30.2 C)

	
18

	
37

	
4

	
26

	
22

	
7

	
1

	
1

	
0

	
0

	
1

	
117

	
39.4 B

	
32.5

	
22.6–94.8




	
All (32.1)

	
72

	
76

	
60

	
53

	
39

	
13

	
9

	
7

	
16

	
2

	
6

	
353

	
41.0

	
40.7

	
20.6–95.5




	
ADLDSF

(d·h)

	
(PDLDSF %)

	
<320

	
370

	
470

	
570

	
670

	
770

	
870

	
970

	
1070

	
1170

	
>1220

	

	

	

	




	
O (34.2 B)

	
0

	
3

	
10

	
26

	
12

	
8

	
3

	
2

	
1

	
0

	
0

	
65

	
621.9 B

	
22.0

	
388.4–1098.8




	
A (29.9 C)

	
5

	
46

	
19

	
5

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
75

	
397.5 C

	
16.3

	
311.7–552.5




	
B (32.9 B)

	
0

	
6

	
16

	
14

	
9

	
4

	
1

	
1

	
0

	
0

	
0

	
51

	
565.9 B

	
22.3

	
368.6–975.7




	
C (47.7 A)

	
0

	
0

	
0

	
2

	
6

	
3

	
1

	
5

	
6

	
15

	
7

	
45

	
1035.4 A

	
22.2

	
579.0–1382.3




	
D (32.2 B)

	
0

	
25

	
30

	
6

	
25

	
25

	
3

	
1

	
1

	
0

	
1

	
117

	
584.9 B

	
31.6

	
336.8–1372.7




	
All (34.1)

	
5

	
80

	
75

	
53

	
52

	
40

	
8

	
9

	
8

	
15

	
8

	
353

	
606.6

	
39.6

	
311.7–1382.3




	
AATDSF

(d·°C)

	
(PATDSF%)

	
<650

	
760

	
980

	
1200

	
1420

	
1640

	
1860

	
2080

	
2300

	
2520

	
>2630

	

	

	

	




	
O (34.5 B)

	
0

	
5

	
14

	
27

	
12

	
4

	
2

	
0

	
1

	
0

	
0

	
65

	
1211.1 B

	
21.8

	
763.5–2202.8




	
A (30.3 C)

	
6

	
51

	
18

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
75

	
785.4 C

	
15.5

	
622.4–1077.6




	
B (33.2 B)

	
0

	
9

	
15

	
17

	
8

	
1

	
1

	
0

	
0

	
0

	
0

	
51

	
1105.5 B

	
21.6

	
734.5–1883.9




	
C (49.8 A)

	
0

	
0

	
0

	
3

	
8

	
1

	
5

	
7

	
14

	
3

	
4

	
45

	
2017.8 A

	
22.8

	
1125.4–2726.2




	
D (32.8 B)

	
0

	
39

	
18

	
12

	
36

	
9

	
1

	
1

	
0

	
0

	
1

	
117

	
1143.7 B

	
30.6

	
661.3–2708.3




	
All (34.8)

	
6

	
104

	
65

	
59

	
64

	
15

	
9

	
8

	
15

	
3

	
5

	
353

	
1185.9

	
39.1

	
622.6–2726.2




	
DFM (d)

	
(PropDFM %)

	
46.5

	
53.5

	
60.5

	
67.5

	
74.5

	
81.5

	
88.5

	
95.5

	
102.5

	
109.5

	
116.5

	

	

	

	




	
O (67.8 C)

	
0

	
0

	
8

	
3

	
3

	
7

	
12

	
20

	
9

	
2

	
1

	
65

	
88.1 A

	
15.9

	
60.1–114.1




	
A (71.4 A)

	
2

	
20

	
12

	
18

	
8

	
9

	
5

	
1

	
0

	
0

	
0

	
75

	
66.5 B

	
18.1

	
47.8–93.4




	
B (68.9 BC)

	
2

	
4

	
2

	
3

	
6

	
7

	
6

	
7

	
7

	
7

	
0

	
51

	
85.1 A

	
21.4

	
45.8–112.8




	
C (55.8 D)

	
0

	
0

	
0

	
1

	
8

	
11

	
9

	
7

	
6

	
3

	
0

	
45

	
87.8 A

	
12.7

	
70.3–111.1




	
D (69.8 B)

	
0

	
4

	
4

	
14

	
8

	
15

	
14

	
21

	
22

	
14

	
1

	
117

	
88.7 A

	
17.3

	
52.1–114.6




	
All (67.9)

	
4

	
28

	
26

	
39

	
33

	
49

	
46

	
56

	
44

	
26

	
2

	
353

	
83.3

	
20.2

	
45.8–114.6




	
ADLDFM

(d·h)

	
(PDLDFM %)

	
<720

	
760

	
840

	
920

	
1000

	
1080

	
1160

	
1240

	
1320

	
1400

	
>1440

	

	

	

	




	
O (65.8 B)

	
0

	
0

	
7

	
4

	
0

	
3

	
12

	
19

	
11

	
8

	
1

	
65

	
1191.9 A

	
14.2

	
834.0–1479.4




	
A (70.1 A)

	
1

	
20

	
11

	
8

	
15

	
8

	
6

	
6

	
0

	
0

	
0

	
75

	
936.2 B

	
16.9

	
685.0–1274.8




	
B (67.1 B)

	
2

	
3

	
3

	
1

	
5

	
8

	
4

	
7

	
6

	
9

	
3

	
51

	
1159.1 A

	
19.2

	
652.0–1476.4




	
C (52.3 C)

	
0

	
0

	
2

	
5

	
8

	
12

	
4

	
3

	
6

	
4

	
1

	
45

	
1120.8 A

	
14.7

	
859.5–1458.0




	
D (67.8 B)

	
0

	
3

	
2

	
12

	
6

	
10

	
19

	
16

	
26

	
19

	
4

	
117

	
1200.6 A

	
14.9

	
746.8–1487.4




	
All (65.9)

	
3

	
26

	
25

	
30

	
34

	
41

	
45

	
51

	
49

	
40

	
9

	
353

	
1126.7

	
18.2

	
652.0–1487.4




	
AATDFM

(d·°C)

	
(PATDFM %)

	
<1400

	
1470

	
1610

	
1750

	
1890

	
2030

	
2170

	
2310

	
2450

	
2590

	
>2660

	

	

	

	




	
O (65.5 B)

	
0

	
0

	
3

	
7

	
2

	
3

	
5

	
14

	
15

	
12

	
4

	
65

	
2289.7 A

	
13.0

	
1661.1–2694.1




	
A (69.7 A)

	
3

	
17

	
10

	
7

	
14

	
9

	
7

	
2

	
6

	
0

	
0

	
75

	
1814.7 C

	
17.6

	
1339.8–2477.6




	
B (66.8 B)

	
2

	
2

	
3

	
1

	
4

	
6

	
5

	
6

	
6

	
10

	
6

	
51

	
2228.1 A

	
18.0

	
1251.5–2732.9




	
C (50.2 C)

	
0

	
3

	
6

	
6

	
8

	
5

	
6

	
0

	
5

	
4

	
2

	
45

	
2016.9 B

	
18.3

	
1437.5–2715.7




	
D (67.2 B)

	
0

	
5

	
1

	
7

	
10

	
6

	
13

	
17

	
31

	
19

	
8

	
117

	
2289.8 A

	
14.0

	
1449.1–2755.2




	
All (65.2)

	
5

	
27

	
23

	
28

	
38

	
29

	
36

	
39

	
63

	
45

	
20

	
353

	
2145.1

	
17.9

	
1251.5–2755.2








Note: DSF: days from sowing to flowering; ADLDSF: DSF required accumulative day length; AATDSF: DSF required accumulative active temperature; DFM: days from flowering to maturity; ADLDFM: DFM required accumulative day length; AATDFM: DFM required accumulative active temperature. Geo-pop.: Geographic groups; PropDSF: The proportion of DSF in a life cycle; PDLDSF: Percentage of accumulative day length during DSF to that in a life cycle; PATDSF: Percentage of accumulative active temperature during DSF to that in a life cycle; PropDFM: The proportion of DSF in the life cycle; PDLDFM: Percentage of accumulative day length during DFM to that in a life cycle; PATDFM: Percentage of accumulative active temperature during DFM to that in a life cycle. N: the number of accessions; GCV: genotypic coefficient of variation. “O” represents the center of origin; “A” represents Northeast China (NCHN), Far-East Russia (RUFE) and southern Sweden (SSWE); “B” represents the Korean peninsula (KORP) and Japan islands (JPAN); “C” represents Southeast Asia (SEAS), South Asia (SASI) and Africa (AFRI); “D” represents northern North America (NNAM), southern North America (SNAM) and Central and South America (CSAM); the superscripts of A, B, C and D indicate multiple comparisons.













[image: Table] 





Table 2. Variation of growth period traits, accumulative day length and accumulative active temperature among MG sets in the world soybean germplasm population (WSGP).
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Trait

	
MG

	
Class Midpoint Value(Frequency)

	
N

	
Mean

	
GCV (%)

	
Range






	
DSF

(d)

	
(PropDSF%)

	
23.5

	
30.5

	
37.5

	
44.5

	
51.5

	
58.5

	
65.5

	
72.5

	
79.5

	
86.5

	
>90

	

	

	

	




	
E (29.3 B)

	
29

	
2

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
31

	
23.0 C

	
8.22

	
20.6–27.7




	
P (30.9 B)

	
43

	
74

	
60

	
53

	
36

	
12

	
8

	
2

	
3

	
1

	
0

	
292

	
39.1 B

	
30.70

	
22.6–88.6




	
L (46.9 A)

	
0

	
0

	
0

	
0

	
3

	
1

	
1

	
5

	
13

	
1

	
6

	
30

	
77.5 A

	
16.06

	
51.0–95.5




	
All (32.1)

	
72

	
76

	
60

	
53

	
39

	
13

	
9

	
7

	
16

	
2

	
6

	
353

	
41.0

	
40.7

	
20.5–95.5




	
ADLDSF

(d·h)

	
(PDLDSF%)

	
<320

	
370

	
470

	
570

	
670

	
770

	
870

	
970

	
1070

	
1170

	
>1220

	

	

	

	




	
E (30.5 C)

	
5

	
26

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
31

	
346.0 C

	
7.7

	
311.7–418.9




	
P (32.8 B)

	
0

	
54

	
75

	
53

	
52

	
36

	
8

	
8

	
2

	
3

	
1

	
292

	
580.5 B

	
30.0

	
336.8–1285.2




	
L (50.7 A)

	
0

	
0

	
0

	
0

	
0

	
4

	
0

	
1

	
6

	
12

	
7

	
30

	
1129.6 A

	
15.7

	
751.7–1382.3




	
All (34.1)

	
5

	
80

	
75

	
53

	
52

	
40

	
8

	
9

	
8

	
15

	
8

	
353

	
606.6

	
39.6

	
311.7–1382.3




	
AATDSF

(d·°C)

	
(PETDSF%)

	
<650

	
760

	
980

	
1200

	
1420

	
1640

	
1860

	
2080

	
2300

	
2520

	
>2630

	

	

	

	




	
E (31.4 B)

	
5

	
26

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
31

	
691.3 C

	
6.8

	
622.6–819.1




	
P (33.2 B)

	
1

	
78

	
65

	
59

	
62

	
13

	
8

	
3

	
2

	
1

	
0

	
292

	
1132.8 B

	
29.2

	
638.2–2539.0




	
L (53.6 A)

	
0

	
0

	
0

	
0

	
2

	
2

	
1

	
5

	
13

	
2

	
5

	
30

	
2213.7 A

	
16.2

	
1458.5–2726.2




	
All (34.8)

	
6

	
104

	
65

	
59

	
64

	
15

	
9

	
8

	
15

	
3

	
5

	
353

	
1185.9

	
39.1

	
622.6–2726.2




	
DFM

(d)

	
(PropDFM%)

	
46.5

	
53.5

	
60.5

	
67.5

	
74.5

	
81.5

	
88.5

	
95.5

	
102.5

	
109.5

	
116.5

	

	

	

	




	
E (70.7 A)

	
1

	
21

	
7

	
1

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
31

	
55.6 B

	
8.5

	
47.8–71.5




	
P (69.1 A)

	
3

	
7

	
19

	
37

	
26

	
42

	
39

	
51

	
44

	
24

	
0

	
292

	
85.7 A

	
17.9

	
45.8–112.8




	
L (53.1 B)

	
0

	
0

	
0

	
1

	
6

	
7

	
7

	
5

	
0

	
2

	
2

	
30

	
87.6 A

	
14.3

	
70.3–114.6




	
All (67.9)

	
4

	
28

	
26

	
39

	
33

	
49

	
46

	
56

	
44

	
26

	
2

	
353

	
83.3

	
20.2

	
45.8–114.6




	
ADLDFM

(d·h)

	
(PDLDFM %)

	
<720

	
760

	
840

	
920

	
1000

	
1080

	
1160

	
1240

	
1320

	
1400

	
>1440

	

	

	

	




	
E (69.5 A)

	
1

	
20

	
8

	
1

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
31

	
791.5 B

	
8.2

	
685.0–1006.8




	
P (67.2 B)

	
2

	
6

	
15

	
24

	
28

	
34

	
41

	
48

	
49

	
38

	
7

	
292

	
1165.0 A

	
15.7

	
652.0–1476.4




	
L (49.3 C)

	
0

	
0

	
2

	
5

	
5

	
7

	
4

	
3

	
0

	
2

	
2

	
30

	
1099.7 A

	
16.1

	
859.5–1487.4




	
All (65.9)

	
3

	
26

	
25

	
30

	
34

	
41

	
45

	
51

	
49

	
40

	
9

	
353

	
1126.7

	
18.2

	
652.0–1487.4




	
AATDFM

(d·°C)

	
(PETDFM %)

	
<1400

	
1470

	
1610

	
1750

	
1890

	
2030

	
2170

	
2310

	
2450

	
2590

	
>2660

	

	

	

	




	
E (68.6 A)

	
3

	
18

	
8

	
0

	
2

	
0

	
0

	
0

	
0

	
0

	
0

	
31

	
1514.9 C

	
8.3

	
1340.0–1931.0




	
P (66.8 A)

	
2

	
5

	
10

	
24

	
29

	
27

	
33

	
38

	
63

	
43

	
18

	
292

	
2235.1 A

	
14.8

	
1252.0–2755.0




	
L (46.4 B)

	
0

	
4

	
5

	
4

	
7

	
2

	
3

	
1

	
0

	
2

	
2

	
30

	
1920.6 B

	
19.0

	
1437.0–2700.0




	
All (65.2)

	
5

	
27

	
23

	
28

	
38

	
29

	
36

	
39

	
63

	
45

	
20

	
353

	
2145.1

	
17.9

	
1251.5–2755.2








Note: MG: maturity group; DSF: days from sowing to flowering; ADLDSF: DSF required accumulative day length; AATDSF: DSF required accumulative active temperature; DFM: days from flowering to maturity; ADLDFM: DFM required accumulative day length; AATDFM: DFM required accumulative active temperature. PropDSF: The proportion of DSF in a life cycle; PDLDSF: Percentage of accumulative day length during DSF to that in a life cycle; PATDSF: Percentage of accumulative active temperature during DSF to that in a life cycle; PropDFM: The proportion of DSF in a life cycle; PDLDFM: Percentage of accumulative day length during DFM to that in a life cycle; PATDFM: Percentage of accumulative active temperature during DFM to that in a life cycle. N: the number of accessions; GCV: genotypic coefficient of variation. “E” represents the early MG set (MG 000~0); “P” represents the primary MG set (MG I~VII), “L” represents the late MG set (MG VIII~X); the superscripts of A, B and C indicate multiple comparisons.
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Table 3. Decomposition of determination coefficient in multiple regression analysis of growth period traits on accumulative day length, accumulative active temperature and their interaction.
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Trait

	
Source of Variation

	
Total

	
Sub-Population




	
O

	
A

	
B

	
C

	
D

	
E

	
P

	
L






	
DSF

	
Model R2

	
99.90

	
99.9

	
99.7

	
99.9

	
99.8

	
99.9

	
98.7

	
99.9

	
99.6




	
ADLDSF (x1)

	
38.05

	
29.33

	
67.51

	
84.79

	
0.54

	
44.66

	
71.35

	
37.24

	
1.43




	
AATDSF (x2)

	
44.79

	
15.38

	
23.65

	
0.23

	
97.56

	
19.92

	
27.36

	
54.30

	
84.74




	
(x1 x2)DSF

	
17.10

	
55.25

	
8.55

	
14.89

	
1.66

	
35.37

	
0.01

	
8.37

	
13.48




	
Residual

	
0.06

	
0.04

	
0.29

	
0.09

	
0.24

	
0.05

	
1.28

	
0.09

	
0.35




	
DFM

	
Model R2

	
98.90

	
98.7

	
98.3

	
99.4

	
98.6

	
99.5

	
88.9

	
98.8

	
99.2




	
ADLDFM (x3)

	
86.98

	
88.69

	
1.57

	
71.87

	
93.24

	
82.3

	
2.53

	
78.64

	
93.98




	
AATDFM (x4)

	
11.42

	
9.57

	
34.44

	
27.43

	
4.25

	
16.26

	
39.08

	
19.85

	
4.76




	
(x3 x4)DFM

	
0.54

	
0.52

	
62.30

	
0.07

	
1.07

	
0.97

	
47.25

	
0.29

	
0.46




	
Residual

	
1.06

	
1.23

	
1.69

	
0.63

	
1.43

	
0.48

	
11.14

	
1.22

	
0.8








Note: DSF: days from sowing to flowering; ADLDSF: DSF required accumulative day length; AATDSF: DSF required accumulative active temperature; DFM: days from flowering to maturity; ADLDFM: DFM required accumulative day length; AATDFM: DFM required accumulative active temperature; (x1 × x2)DSF: the interaction between ADL and AAT for DSF; (x3 × x4) DFM: the interaction between ADL and AAT for DFM.“O” represents the center of origin; “A” represents Northeast China (NCHN), Far-East Russia (RUFE) and southern Sweden (SSWE); “B” represents the Korean peninsula (KORP) and Japan islands (JPAN); “C” represents Southeast Asia (SEAS), South Asia (SASI) and Africa (AFRI); “D” represents northern North America (NNAM), southern North America (SNAM) and Central and South America (CSAM). “E” represents the early MG-set (MG 000~0); “P” represents the primary MG-set (MG I~VII), “L” represents the late MG-set (MG VIII~X).
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Table 4. The frequency distribution of geographic and MG-set subpopulations in 8 genotypic clusters of world soybean germplasm population (WSGP).
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Genetic Distance Cluster

	
Geographic Subpopulation

	
MG-Set Subpopulation

	
Total




	
O

	
A

	
B

	
C

	
D

	
E

	
P

	
L






	
i

	

	
1

	

	

	

	

	
1

	

	
1




	
ii

	

	
4

	
2

	
4

	

	

	
10

	

	
10




	
iii

	
7

	

	
1

	

	

	

	
8

	

	
8




	
iv

	
1

	
5

	

	

	

	

	
6

	

	
6




	
v

	
52

	
3

	
8

	
37

	
4

	

	
79

	
25

	
104




	
vi

	

	
8

	
8

	
1

	

	

	
17

	

	
17




	
vii

	
1

	
21

	
26

	
3

	
1

	
14

	
38

	

	
52




	
viii

	
4

	
33

	
6

	
1

	
112

	
17

	
134

	
5

	
156




	
Total

	
65

	
75

	
51

	
46

	
117

	
31

	
293

	
30

	
354
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